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Abstract Triple-frequency global navigation satellite
systems allow the introduction of additional linear obser-
vation combinations. We define two geometry-free phase
combinations and one geometry-free pseudorange minus
phase linear combination to detect and correct cycle slip in
real time. At first, the optimal BDS (BeiDou System) tri-
ple-frequency geometry-free phase combinations are
selected for cycle slip detection. Then, a detailed analysis
of the cycle slip detection is performed by examining
whether some special cycle slip groups cannot be discov-
ered by the selected combinations. Since there still remain
some cycle slip groups undetectable by the two geometry-
free phase combinations, we add a pseudorange minus
phase linear combination which is linearly independent
with these two phase combinations, to be sure that all the
cycle slips can be detected. After that, an effective decor-
relation search based on LAMBDA and least squares
minimum principle is applied to calculate and determine
the cycle slips. The method has been tested on triple-fre-
quency undifferenced BDS data coming from a benign
observation environment. Results show that the proposed
method is able to detect and repair all the small cycle slips
in the three carriers.
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Introduction

A cycle slip generally occurs due to the failure of phase
tracking of the GNSS receiver under conditions of signal
interruption, low signal-to-noise ratio or high receiver
dynamics. There are many methods to detect and repair
cycle slips in traditional applications of double-differenced
(DD) navigation and positioning, such as phase differenc-
ing over time, Doppler integration, phase—phase iono-
spheric residuals and phase—code comparisons (Xu 2007).
All these methods have limitations: The phase—phase
ionospheric residual method is insensitive to special cycle
slips and unable to check on which frequency the cycle
slips occur; phase—code comparison methods do not suc-
ceed in detecting some of the small cycle slips. However,
since precise point positioning (PPP) has become increas-
ingly popular during the past decade (Zumberge et al.
1997; Kouba and Héroux 2001; Ge et al. 2008; Geng and
Bock 2014), cycle slip fixing should be attempted for a
single receiver. Considering the requirement of real-time
navigation services, a method that can effectively detect
and repair single-receiver undifferenced (UD) cycle slip in
real time is desired. The TurboEdit approach may have
been the first one developed for UD cycle slip detection
(Blewitt 1990), and Bayesian detection is also applied to
UD cases (Lacy et al. 2008). However, the TurboEdit
method and Bayesian detection require several minutes of
continuous phase data before and after a cycle slip in order
to satisfy the criteria for phase connection; thus, it is not
suitable for real-time PPP (Zhang and Li 2012). The
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integration method of GPS and INS data is also used for
UD cycle slip detection (Lee et al. 2003), but the cost of an
INS system significantly constrains its feasibility in many
applications. Liu (2011) and Cai et al. (2013) specially
study the UD cycle slip detection and correction under high
ionospheric activity condition but without considering the
triple frequency. Dai et al. (2009) studied a method for
instantaneous triple-frequency GPS cycle slip detection
and correction and used the classical LAMBDA technique
to calculate the cycle. However, since only two combina-
tions were used to detect cycle slips, there still remain
some cycle slips undetectable. Teunissen and de Bakker
(2013) researched multi-frequency GNSS models for sin-
gle-receiver multi-frequency outliers, slips and ionospheric
disturbances and derived uniformly most powerful invari-
ant test statistics for spikes and slips. Their detection
capabilities are described by means of minimal detectable
biases (MDBs). More recent studies on triple-frequency
carrier phase cycle slip detection can be found in Wu et al.
(2010), Xu and Kou (2011) and de Lacy et al. (2011).

We present a cycle slip detection and determination
method for UD, triple-frequency GNSS data applicable to
real-time processing. We combine the methods of geometry-
free phase and geometry-free pseudorange minus phase
linear combinations to process the triple-frequency cycle
slips. At first, we select geometry-free phase combinations
that are characterized by lower noise and low ionospheric
impact. Then, we use two geometry-free phase combinations
to detect the cycle slip simultaneously in order to decrease
the number of insensitive cycle slip groups. For detecting and
fixing any cycle slip, a geometry-free pseudorange minus
phase linear combination is added and a search algorithm is
used to search cycle slip candidates. Finally, the least squares
minimum principle is used to validate the correctness of the
cycle slip detection and correction.

In the following, we will present first the implementa-
tion of cycle slip detection and correction. Then, BDS
triple-frequency data with simulated cycle slips are used to
test the performance of the new algorithm.

Cycle slip detection using triple-frequency
geometry-free phase combinations

The carrier phase and code observations at epoch #; can be
expressed as:

Pi(to) = p(to) + t:(t0) — £*(to) + b} (o) + T(t0) + il (t0)

+ 8pi(t0) (l)
Zipi(to) = p(to) + t:(to) — £*(t0) + By ;(t0) + T (to)
+ 4i(Ni(to) — nid(to)) + &4i(t0) (2)
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with
=i/ 3)
.Bi = f12 /fz2 (4)

where 4, ¢ and P refer to carrier phase wavelength, carrier
phase observation and code observation, respectively. The
symbols p, t, t* and T denote the topocentric satellite
distance, receiver clock error, satellite clock error and
troposphere delay, respectively, and b;; and B ; denote the
code and phase hardware delays, respectively. The iono-
spheric delay on the B1 signal scaled to cycles and meters
is denoted by I and I’, respectively, N is the integer
ambiguity, #; and f3; are amplification factors, and &, and ¢,
denote the respective phase and code noise, respectively.
The subscript i (i = 1, 2, 3) denotes the signal, and fis the
signal frequency.

Based on the triple-frequency data combination theory
(Cocard et al. 2008; Li et al. 2014), assuming that
the scalars o, f and 7 satisfy the condition
o+ f+ 7y =0, the triple-frequency geometry-free carrier
phase combination observation equation at epoch #, can be
expressed as:

i1y (t0) + Papy(to) + 72305(t0) = —nl(to) + 221Ny (t0)

+ BAaNa(to) + 723N3(to) + B(to) + &(to) (5)
with
n = okt + Bhafi/fo + vaf1/f5 (6)
B(to) = ab; | (to) + b}, (t0) + 1D} 5(t0) (7)
e(to) = adie(to) + fraga(to) + rizes(to) (8)

where 1 denotes amplification factor of the combination,
B is the hardware delays of the combination observation
and ¢ is the combination error.

The condition o + f§ + y = 0 cancels the geometry term
and the other non-dispersive terms, such as the tropo-
spheric delay, satellite orbit bias and clock bias, as well as
receiver clock bias. The combination observation is only
affected by the ionospheric delay residuals, equipment
delays and noises.

Assuming that a cycle slip group (AN;, AN;, AN3),
where AN; denotes a cycle slip value on the ¢; signal,
occurs at next epoch #;, we have:

a1 @i (t) + Braps(t) +y4305(11) = —nl(t) +oda (N1 (11)
+AN1) + BA2(N2(t1) + AN2) + 923 (N3(t1) + AN3)
+B(t) +&(t) 9)

Differencing (5) and (9), the between-epoch observation
equation is obtained as:
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021 A@y + PLoA@y +923A@s = —nAl +ad AN} xt+f+y=0
+ f22AN, +-9/3AN3 + AB + Ae (10) min((ah)? + (BAa)? + (773)%) (13)

where the operator A represents differencing between
epochs,

Since the equipment delays usually vary slowly with
time, the equipment delays of the above observation
combination are small enough to be omitted compared with
the observation noise. Because (10) is only affected by the
ionospheric delay —yAI and noise Ae, this combination can
be used to detect cycle slip in kinematic applications using
UD phase observations. If we further assume that €¢; =
€, = ¢3 and that Al is constant when the ionosphere is
quiet, the combined ionospheric error and combined noise
depend on the scalars o, f# and y. A good detection com-
bination should reduce the ionospheric error and noise as
much as possible; hence, the scalars should be selected

such that ol 4 Blofi/fr + plafi/fs — 0 and (ad;)* +
(B72)*+ (7243)* — 0. When the ionosphere is quiet, the
change in ionospheric delay between a satellite and a
receiver is mainly a function of the satellite elevation
angles, which changes slowly (Banville and Langley 2013).
In this case, the Al can be ignored.

Assuming that the carrier phase signals have the same
standard deviation o, the standard deviation o, g, of (10)
is obtained as:

Cupsy = VIV (@01 P+ (B12) + () (1)

where /2 results from differencing the epochs. Since
O(s,p,y) 18 generally supposed to be a normally distributed
error, we can use the following inequality to judge whether
a cycle slip arises at the current epoch:

|OC)V1A¢1 + ﬁ)QAd)Z + ’))}';A¢3| > KIO'(O(J;;,,) (]2)

where x is a coefficient. Usually, we can take x =3
(99.7 % confidence level) or 4 (99.9 % confidence level) as
the threshold coefficient of cycle slip. If the condition (12)
is satisfied, one concludes that a certain cycle slip group
has occurred. If the condition of (12) is not satisfied, we
cannot simply draw a conclusion that the carrier phase data
are free of cycle slips. There are certain special cycle slip
groups which cannot be readily detected using (12), similar
to the case of the dual-frequency ionospheric residual
method. We also define cycle slip groups whose slips are
insensitive to (12), similarly as those in Dai et al. (2009).

Selection of optimal geometry-free phase
combinations

According to the above discussion, an ideal geometry-free
phase detection combination should satisfy these conditions:

min(ad; + BAof1/fo + p2afi/f3)

It should also be emphasized that the larger the scalars o,
B and 7, the larger the value ko, ). If ko (, ) is too large
for some combinations, certainly the small cycle slips
cannot be detected by such combinations. Therefore, the
scalar values are searched within the range of —4 to 4 in
order to reduce the noise. We assume the ¢ = 0.01 cycle
and k = 4. The optimal BDS geometry-free phase combi-
nations constructed and selected are given in Table 1. The
frequency values of three carrier signals of BDS are: Bl
1561.098 MHz, B2 1207.14 MHz and B3 1268.52 MHz.
The number of the insensitive cycle slip groups of every
combination is counted within the range of 0-10 cycles and
shown as the fifth column ‘<40, 4., in Table 1.

Table 1 shows that the noises of all the combinations are
less than 0.02 cycles, which is much smaller than 1 cycle.
Therefore, the smallest cycle slip of size 1 can be detected
by a respective combination given in the table. The com-
binations 1, 2 and 3 are the dual-frequency ionospheric
residual combinations. Their noises are smaller than those
other triple-frequency combinations, but they can only
detect the cycle slip on two signals. Since they cannot
detect the cycle slip that occurs only on the third signal, the
number of the insensitive cycle slip groups of the combi-
nations 1, 2 and 3 is larger than the number of other
combinations. In this case, the inequality ofly # 0 should
be enforced to get a triple-frequency cycle slip detection
combination in order to reduce the number of the insensi-
tive cycle slip groups. Combination 4, which is the least
insensitive cycle slip group, is the best one. Since the noise
of combinations 5 and 6 is larger than other combinations,
while the ionospheric delays are smaller than other com-
binations, these can be used for cycle slip detection in
ionospheric active cases. We can find that each combina-
tion in the table has some insensitive cycle slip groups, but
different combinations have different insensitive cycle slip

Table 1 BDS optimal triple-frequency geometry-free phase
combinations

No. (o0, 7] n T(of7) <407
1 [0, 1, —1] 0.0303 0.0048 21

2 [1,0, —1] —0.0988 0.0043 21

3 [1,—1, 0] —0.1291 0.0044 21

4 [1, 1, =2] —0.0685 0.0080 13

5 [1, 2, =3] —0.0381 0.0125 16

6 [1, 3, —4] —0.0078 0.0172 15

7 [1, =2, 1] —0.1595 0.0082 17

8 [2, 1, =3] —0.1673 0.0119 15
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groups. Therefore, two combinations are adopted to detect
cycle slip simultaneously in order to reduce the insensitive
cycle slip groups.Any two combinations in Table 1 are
selected to yield the joint combinations, which are given in
Table 2. The numbers of the most insensitive cycle slip
groups of the combinations within the range (0,0,0) to
(10,10,10) and (0,0,0) to (100,100,100) are also counted
and analyzed under the condition (6), respectively.

Table 2 shows that all the smaller cycle slips within the
range (0,0,0) to (10,10,10) cycles can be detected by most of
the joint combinations, but there are still several insensitive
cycle slip groups undetectable within the range (0,0,0) to
(100,100,100) cycles. Since there are larger noises in the
combinations [1, 3, —4], [1, 2, —3] and [2, 1, —3], these
contain more insensitive cycle slip groups. However, the
joint combinations highlighted in bold have only one
insensitive cycle slip group within the range (0,0,0) to
(100,100,100) cycles, so it is possible to say that nearly all
cycle slips can be detected. Since any three of the triple-
frequency geometry-free phase combinations are linear
dependent, there always remain some insensitive cycle slip
groups no matter how many geometry-free phase combina-
tions are used to detect the cycle slip. To solve this problem, a
triple-frequency geometry-free combination which is lin-
early independent with geometry-free phase combinations
must be found. According to the above analysis, a pseudor-
ange minus phase linear combination is chosen to detect the
cycle slip, which is similar to the HMW (Hatch 1983; Mel-
bourne 1985; Wiibbena 1985) combination of TurboEdit
approach. Moreover, most of the insensitive cycle slip
groups are generally large enough to be easily detected by the
phase—code comparison method and other methods.

Cycle slip detection using pseudorange minus
phase linear combination

The triple-frequency code and phase combination obser-
vation equations can be expressed as:

Py = I[Py +mP; 4 nPs

=p+ Byl + T+ (cs — c) + bimn + &t (14)

Zik @i = Jir i@y +jpr + ks)

=p+ T+ (cs — cr) + A (Nije — Nyl ) + Bijre + €
(15)

with
bimn = 1b;y + mb; 5 + nbj 5 (16)
Eimn = lep1 + mepy + ney3 (17)
By = B}y + B, + kB4 (18)
Eijk = iEp1 + jegn + kg3 (19)
where m, n and [ are the code combination scalars

(I,mneR, I+n+m=1);i,jand k are the phase com-
bination scalars (i,j, k € N).

Differencing (14) and (15), the observation equation of
the pseudorange minus phase linear combination is
obtained as:

Ny = (20)
where Ny is the combination integer ambiguity, { is the
amplification factors and & is the noise. Differencing (20)
over the epoch, we have:

Table 2 Joint combinations for

cycle slip detection and number Joint combinations <10 <100 Joint combinations <10 <100

of insensitive groups [1, =2, 1][0, 1, —1] 0 3 (1,2, =3][1, 1, =2] 0 8
[1, =1, 0][0, 1, —1] 0 1 [1, 3, —4][0, 1, —1] 1 7
[1,—1, 0][1, =2, 1] 0 2 [1, 3, —4][1, =2, 1] 0 2
[1, 0, —1][0, 1, —1] 0 2 [1, 3, —4][1, —1, 0] 0 1
[1, 0, —1][1, =2, 1] 0 2 [1, 3,—4][1,0,—1] 0 2
[1, 0, —1][1, —1, 0] 0 2 [1, 3,—4][1, 1, =2] 0 6
[1, 1, =2][0, 1, —1] 0 2 [1, 3, —4][1, 2, —3] 0 26
[1, 1, =2][1, =2, 1] 0 1 [2, 1, —3][0 1,—1] 0 2
[1, 1, =2][1, —1, 0] 0 1 [2, 1, =3][1, =2, 1] 0 1
[1, 1,=-2](1, 0, —1] 0 4 [2, 1, =3][1, —1, 0] 0 1
[1, 2,-3][0, 1, —1] 1 4 [2, 1, =3][L, 0, —1] 0 6
[1, 2,-3]1[1, =2, 1] 0 2 [2, 1, =3][1, 1, =2] 1 10
[1, 2, =3][1, —1, 0] 0 1 [2, 1, =3][1, 2, —=3] 0 4
[1,2, =3][1, 0, —1] 0 2 [2, 1, =3][1, 3, —4] 0 4
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AP Imn
/’{ijk

ANy = Ny(t1) — Nyi(to) = Ay — + (AT + A€ (21)

Since the equipment delays usually vary slowly with
time, the presumed stability of the equipment delay means
they will cancel in the time difference. If the wavelength
Jijk s long enough, Eq. (20) can be used to detect the cycle
slip. Assuming that o, is the code noise and that
Opl = Op2 = 0p3 = 0p, the noise O ANy, of (21) can be
obtained as follows:

OANy = \/5\/(1'2 + 2+ kz)afb + (2 +m?+ n2)a;/ifik
(22)

where v/2 results from differencing the epochs. We also define
40wy, to justify the occurrence of the cycle slips. The smaller
the noise oy, the higher the detection sensitivity. To mini-
mize oy, the factor I + m?* + n* should be decreased, while
)»ijk should be increased. In addition, when selecting the scalars
i, j and k, the pseudorange minus phase linear combination
must be linearly independent with the other two geometry-free
phase combinations. Therefore, all cycle slips can be detected
by using the three combinations. Some optimal combinations
are also selected and given in Table 3. Assuming that the code
noise is 03 m, and because of the relation
24+ m? 4+ n?>3lmn,sincem+n—+1=1as givenin (14), so
we setm = n = [ = 1/3 to minimize the code noise.

Table 3 shows that all the three-frequency pseudorange
minus phase linear combinations have an extra-wide lane
and all of their noises are smaller than 0.2 cycle, which can
be used to detect the small cycle slip.

A new cycle slip correction method
After the cycle slip detection, the size of the cycle slips

should be calculated. First, the combination observation L’
can be computed as follows:

Table 3 BDS pseudorange minus phase linear combinations

No. [i,/,k] Aijk e TAN,
1 [7, =8, —1] 146.526 23.821 0.151
2 [5, 3, —9] 29.305 11.388 0.152
3 [-8, 3, 7] 24.421 —23.460 0.157
4 [—1, —5,6] 20.932 0.362 0.112
5 [1, 4, —5] 6.371 —0.321 0.099
6 [0, —1, 1] 4.884 0.040 0.054
7 [—1, —6, 7] 3.960 0.402 0.145
8 [2, 8, —10] 3.185 —0.643 0.199
9 [1, 3, —4] 2.765 —0.281 0.114
10 [—1, =7, 8] 2.187 0.442 0.188

765
ix1 = BaxeLexi (23)
with

O(]/l] ﬂl)\,z "/1/13 0 0 0

_ 062/1] [)’222 "/2’13 0 0 0
B = ' ' . 1 1 (24)

i I
J l/l,jk m/l,;,-k n)L,-jk
T

L= [1(01 l@z l<ﬂ3 lPl lﬂz lps] (25)

where [, and [, denote the raw code and carrier mea-
surements, respectively, (a1, 1, y;) and (o2, f,, 7,) are the
scalars of two geometry-free phase combinations and (i, j,

k) and (l;;k ,m}w 7ﬁ) are the phase combination scalars and
code combination scalars of pseudorange minus phase
linear combination, respectively.

The linear equations for cycle slip determination are

constructed as:

AX =L (26)
with
wii o Pira 1ds
A= Otz/ll ﬂz)vz VQ;L3 (27)
i j k

X =[AN, AN, AN;|" (28)

The 3 x 3 covariance matrix Q of L’ can be expressed
as
Q = BQ,B" (29)
with
Q = diag(‘](pl yde,y 95y dpr > 9pas ng) (30)

where g, and gp, refer to the variance of phase and code

observation, respectively. The least squares estimate for X
is

X =A"PA)'ATPL'P = Q! (31)

Since A is a non-singular matrix of dimension 3 x 3,
this estimate can be written as

~ —1
X= A3><3L,3><l (32)

Equation (32) shows that the covariance matrix Q does
not contribute to the adjustment result since the system is
not overdetermined, and therefore, the correlation of the
detection combinations does not contribute either. We can
directly round the float cycle slip of (32), but the cycle slip
value may not be correct because of the influence of the
observation error. The larger the condition number of A,
which will lead to the near colinearity of the three detection
combinations, the larger the influence of observation error
on the solution. So search methods like LAMBDA are used
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to find the correct cycle slip group (Teunissen 1995). The
search space can be defined by the following equation

(X -X)Qx(® - X)" </’ (33)
with

Ox = (4TQ'A)! (34)
where y? defines the size of search space. We set x> = 5
empirically.

In order to improve the search efficiency, LAMBDA
uses the integer Gaussian decorrelation transformation,

N =ZX Qg =ZQxZ" (35)

where Z is the transformation matrix with det(Z) = 1 and
Qy is covariance matrix after transformation. The opti-
mization of LAMBDA search satisfies the following
condition

(N-N)"Qy! (N = N') = min (36)
Equation (36) means that the integer vector X of cycle slips
has the minimum distance to the float solution vector X.
Equation (36) does not guarantee the correct ambiguities

have been found. But the correct cycle slip correction X
must satisfy the following condition

VTPV = min (37)

where V = AX — L. If the cycle slip correction X is not
correct, then V will be much larger and VTPV # min.
Therefore, Eq. (37) can be used to select the correct cycle
slip correction. The cycle slip X can be obtained from
X=2"'N.

Data test and analysis

Static triple-frequency data of BDS observations of May 5,
2011, are used as an example. The data sampling interval is
15 s. The satellite elevation cutoff angle is set to 15° to
make the reduce multipath. In order to test the validity of
the method, simulated artificial cycle slips are added. The
two triple-frequency geometry-free phase joint combina-
tions [1,1,—2] and [1,—2,1] (which has the least insensitive
cycle slip groups in Table 2) and the wide lane pseudor-
ange minus phase linear combination [1,3,—4] (whose
ionospheric delays is smallest in Table 1) are selected
randomly to detect and repair the cycle slips in this
experiment, which are called combinations 1, 2 and 3
below. Threshold coefficient of cycle slip detection is set as
4. The cycle slip search is used to be sure that the cycle slip
can be repaired correctly.

Figure 1 shows that the fluctuation range of the geom-
etry-free phase combinations [1,1,—2] and [1,—2,1] after

@ Springer
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Fig. 1 Differencing value of the cycle slip detection combinations
when no cycle slip occurs

differencing is +0.02 cycles, which are smaller than that of
the pseudorange minus phase linear combination [1,3,—4]
(£0.2 cycles). So we conclude that the small cycle slip
detection capability of phase combination is better than that
of the pseudorange minus phase linear combination.

As done in Dai et al. (2009), the small cycle slips from
(0,0,1) to (2,2,2) with an interval of 15 epochs are added in
turn to the phase data, and the added cycle slips are given
in Table 4. The results of the cycle slip detection and
correction are shown in Fig. 2 and listed in Table 4. The
red line means the threshold of cycle slip detection in
Fig. 2.

Figure 2 shows that most of the cycle slips can be
detected simultaneously by three detection combinations;
for example, the differencing value of three cycle slip
detection combinations has all exceeded the threshold of
cycle slip detection (shown as the red dotted line) when the
cycle slip [0,0,1] occurs. However, there still remain some
insensitive cycle slip groups undetectable by one or two
detection combinations; for example, the insensitive cycle
slip groups (0,1,2) and (0,2,1) cannot be detected by
detection combination 2 and 1, respectively, and the cycle
slip groups [1,1,1] and [2,2,2] cannot be detected by both
detection combinations 1 and 2. But if only the cycle slip
can be detected by one detection combination, the cycle
slip can be corrected. The example shows that the cycle
slip groups [1,1,1] and [2,2,2] cannot be detected by
detection combinations 1 and 2, but detection combination
3 can detect the cycle slip, so cycle slip groups 1 and 2 can
be detected and corrected. The results show that the algo-
rithm derived can detect and correct not only the small
cycle slips in Table 4 but also the insensitive ones. Table 4
shows that there are eight cycle slips not validated correctly
by the principle (N — N')"Qx! (N — N') = min, but all of
the cycle slips can be validated by the least squares
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T s Comng e e Gy e R NTaINW
condition (N — N)'Qy [0, 0, 1] [—0.4566, 0.2242, —=3.8573] [0, 0, 1] 4.86 0.125
(N — N') = min and [0, 0, 2] [—0.9460, 04704, —8.0132] [0, 0, 2] 2341 0.009
VPV = min
[0, 0, 3] 22.73 105.229
[0, 1, 0] [0.2523, —0.4987, 3.0189] [0, 1, 0] 103.06 0.013
[0, 1, 1] 80.25 107.968
[0, 1, 1] [0.2328, —0.2549, —1.080] [0, 1, 1] 1455 0.034
[0, 1, 2] [0.6969, —0.0221, —5.010] [0, 1, 2] 2247 0.004
[0, 2, 0] [0.4968, —0.9902, 5.9753] [0, 2, 0] 157.83 0.015
[0, 2, 1] 125.49 106.500
(0,2, 1] [0.0237, —0.7554, 1.9904] [0, 2, 1] 5.32 0.002
[0, 2, 2] [~0.4492, —0.5213, —2.004] [0, 2, 2] 0.50 0.001
(1,0, 0] [0.1984, 0.1831, 1.0772] [1,0,-1] 44.19 103.803
[1,0, 0] 51.19 0.038
[1,0, 1] [—0.2857, 0.4305, —3.0453]  [1,0, 1] 4.53 0.013
[1,0,2] [—0.7558, 0.6648, ~7.0120]  [1, 0, 2] 18.87 0.005
(1,1, 0] [0.4407, —0.3088, 4.0162] [1,1,0] 7.92 0.011
(1,1, 1] [—0.0347, —0.0671-0.0278]  [1, 1, 1] 27.38 0.004
[1,1,2] 26.42 105.102
[1,1,2] [—0.5043, 0.1661, —3.9890]  [1, 1, 2] 1.83 0.002
(1,2, 0] [0.6801, —0.7994, 6.9275] [1,2, 0] 1139 0.043
1,2, 1] [0.2206, —0.5681, 3.0397] 1,2, 1] 0.15 0.010
[1,2,2] [0.2611, —0.3306, —1.034]  [1,2, 2] 19.10 0.025
2,0, 0] [0.3823, 03770, 1.9976] [2, 0, 0] 17.70 0.049
2,0, 1] 17.48 104.796
2,0, 1] [—0.1006, 0.6167, —2.0744]  [2, 0, 1] 10.22 0.153
2,0, 2] [—0.5646, 0.8527, —6.0125]  [2, 0, 2] 3.54 0.032
2,1, 0] [0.6362, —0.1234, 5.0574] 2,1, 0] 1081 0.056
2 1, 1] [0.1578, 0.1153, 1.0058] 2,1, 1] 0.46 0.065
2, 1,2] [—0.3184, 0.3593, —3.0473]  [2, 1, 2] 38.67 0.028
2,1,3] 31.19 103.445
2,2, 0] [0.8736, —0.6084, 7.9497] 2,2, 0] 7.70 0.033
2,2, 1] [0.4105, —0.3749, 4.0225] 2,2, 1] 0.26 0.003
2,2,2] [—0.0665, —0.1360, —0.033]  [2, 2, 2] 156.96 0.009
2,2, 3] 122.76 105.295

minimum principle V'PV, which is outlined in (37). From
this, we can find that the new cycle slip correction method
validated by the condition VTPV = min can get a more
accurate correction result than the other method validated

by the principle (N — N')"Qx' (N — N’) = min.

Conclusions

The proposed algorithm is derived for a single receiver
without differencing observations between satellites. Since
the GNSS geometry-free phase combination is only
affected by the phase noise and the ionospheric delay, it
can be used to detect the small cycle slip while there still

remain some undetectable special insensitive cycle slip
groups. However, if two proper geometry-free phase
combinations are simultaneously used to detect cycle slips,
nearly all of the cycle slip groups are detectable except for
the most insensitive ones. When the three-frequency
pseudorange minus phase linear combination is added,
which is linearly independent from the other phase com-
binations, one can be sure that all of the cycle slip groups
are detected. During calculation and processing of the
cycle slip, the decorrelation search based on the LAMBDA
algorithm can significantly reduce the search space and
improve the calculation efficiency, and the correct cycle
slip candidates can be identified by the least square
adjustment principle. The major limitations that the data
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Fig. 2 Differencing value of the three cycle slip detection
combinations

should be obtained in low multipath condition and the
minor changes in the ionospheric delay between two
adjacent epochs must still be addressed. In some extreme
cases, the detection approach may lead to false results,
which need to be further analyzed and studied.
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